• combination of neural and behavioral data reliably predicted dyslexia before school 48
Introduction 49
Developmental dyslexia (DD) is a specific neurodevelopmental learning disorder. Despite normal 50 intellectual skills, affected individuals struggle severely with literacy acquisition, thus facing 51 profound educational disadvantages throughout life. Impairments may affect reading and spelling 52 specifically, and may occur independently of performance in other domains like mathematics 53 (Skeide et al., 2018b) . Beyond academic achievement, living with DD has considerable negative 54 effects on mental health, such as an increased risk of anxiety disorders and depression, posing a 55 costly burden on society (Klassen et al., 2013) . 56
While speech processing deficits are most consistently found in dyslexic individuals, DD is 57 considered to be a heterogeneous condition that may also relate to other domains, such as vision 58 or attention. Accordingly, affected individuals show different cognitive profiles across these 59 domains (Heim et al., 2008; Ramus et al., 2003; Steinbrink et al., 2014) . Accordingly, there are 60 various accounts aiming to explain the neurobiological underpinnings of DD (Table 1) . These 61 accounts, however, are largely based on data of school-aged or adult participants. This is a 62 limitation, since differences between dyslexic participants and controls might also reflect 63 confounding differences in literacy acquisition. In a recent study, Haft et al. (2018) demonstrated 64 that children with dyslexia actively avoid reading-related stimuli. This bias may reduce reading 65 practice of affected individuals compared to typically developing individuals. As a consequence, 66 dyslexic individuals may vary in amount and quality of neuroplastic changes related to successful 67 reading acquisition (Brem et al., 2010; Dehaene et al., 2015; Skeide et al., 2017) . This line of 68 argumentation has been recently adopted by Huettig et al. (2018) , suggesting that cognitive 69 deficits in dyslexic individuals are at least in part similar to those observed in illiterates who have 70 no practice in reading. Hence, discriminating potentially predisposing factors from consequences 71 of DD is a major challenge for identifying neural correlates of dyslexia. 72 73 LGN (Livingstone et al., 1991) LGN → V1 V1 (Livingstone et al., 1991) LGN → MT MT (Eden et al., 1996) V1 → FG Auditory deficit faulty perception of short or rapidly changing sounds due to decreased size of auditory magnocells and more variable responses to auditory stimuli (Goswami, 2019) IC (Hornickel and 
75
Twin and family studies indicate an increased risk of literacy impairments in individuals with a 76 dyslexic parent or sibling (DeFries et al., 1987; Lyytinen et al., 2004) . Therefore, the question for 77 possible predisposing neurobiological factors for DD has been extensively studied based on work 78 in children with a family history of dyslexia. Magnetic resonance imaging (MRI) data suggest 79 that preliterate children at a familial risk exhibit reduced grey matter volume and atypical cortical 80 folding in left occipitotemporal and temporoparietal regions associated with reading (Im et al., 81 2016; Raschle et al., 2011) . These structural results are complemented by findings of reduced 82 activity within bilateral occipitotemporal and left temporoparietal areas during phonological 83 processing (Raschle et al., 2012) . Similar effects have been reported for children that were 84 diagnosed with dyslexia after formal literacy instruction (Williams et al., 2018) . Beyond cortical 85 anomalies, white matter differences within the left arcuate fasciculus connecting temporoparietal 86 regions with premotor and inferior frontal areas, were detected within children at a familial risk 87 of developing dyslexia (Langer et al., 2017) . Furthermore, these brain networks are also related to 88 the strongest behavioral predictors of literacy outcome, namely phonological awareness and 89 phonological short-term memory (Raschle et al., 2011; Saygin et al., 2013) . Taken together, these 90 results suggest that functional and structural alterations related to the emergence of DD may 91 develop in early childhood and are thus already detectable before literacy onset. 92
Studies assessing preliterate children with a familial risk cross-sectionally do not allow to answer 93 the question whether reported differences reflect potential predisposing factors of developing DD 94 or consequences of reduced literacy exposition. Thus, longitudinal designs are crucial to validate 95 insights derived from cross-sectional studies. There is first longitudinal evidence that infants who 96 later developed dyslexia show reduced electrophysiological responses to speech (e.g., 97 discriminating consonant onsets in the syllables /da/ vs. /ga/) already 2-5 months after birth 98 While the currently available data point to atypical functioning and maturation of the brain's 105 speech system, it is unclear whether differences in other sensory or cognitive domains 106 highlighted in the literature (Table 1) already exist prior to literacy acquisition. Accordingly, the 107 present study was designed to shed light on this topic. To this end, we followed children 108 longitudinally that underwent multimodal MRI and psychometric testing before literacy 109 instruction (at 5-6 years in kindergarten without pre-school education as typical in Germany) and 110 after literacy instruction in school (at 7-8 years in second grade). Combining resting-state 111 functional MRI (fMRI), T1-and diffusion-weighted imaging, we were able to comprehensively 112 reconstruct the complex cortical and subcortical networks that were previously linked to DD. 113
Building on this dataset, we examined functional and structural measures both before and after 114 literacy instruction has begun, while controlling for sociodemographic factors (maternal 115 education), domain-general cognitive capacities (non-verbal IQ, attention), and comorbid 116 learning disorders (mathematical deficits). This approach allowed us to investigate whether 117 dyslexia-related differences reported in older cohorts already existed in our cohort prior to 118 literacy acquisition. To this end, we compared brain structural and functional measures between 119 future dyslexic children and controls, separately for both measurement time points. Given the 120 strong left-hemispheric dominance of MRI effects associated with dyslexia as revealed by meta-121 analyses (Richlan et al., 2011) , we focused on left cortical and sub-cortical regions of interest 122 previously found to be related to literacy deficits (Table 1) . 123
Following the current literature on preliterate children, we expected neural differences between 124 dyslexic participants and controls to be confined to the speech system. In particular, we assumed 125 that we were able to replicate previous results indicating atypical functioning and structural 126 organisation of left auditory, superior temporal and inferior frontal cortices as well as the 127 interconnecting arcuate fasciculus. Thus far, positive evidence for the persistence of these effects 128 from preliteracy to literacy only exists for reduced cortical thickness of the left auditory cortex 129 (Clark et al., 2014 ; but see methodological concerns expressed in Kraft et al., 2015) . However, 130 other morphometric indices that have not yet been investigated might also play a role. For 131 instance, inherited polymicrogyria were reported in the left auditory cortex and the left superior 132 temporal cortex in post-mortem investigations of dyslexic adults (Galaburda et al., 2006) . Such 133 malformations might rather be captured by indices quantifying gyrification, as suggested by 134 previous cross-sectional work on children with dyslexia (Caverzasi et al., 2018) . Accordingly, we 135 tested the hypothesis that significantly reduced cortical thickness and/or increased gyrification of 136 the left auditory and/or the left superior temporal cortex distinguishes individuals with DD from 137 controls both before and after literacy. Additionally, we expected group differences in functional 138 and structural connectivity of auditory and superior temporal areas with downstream regions such 139 as the premotor and inferior frontal cortex. 140 141
Methods and Materials 142
Participants. Between 2012 and 2013, 82 children were recruited from the Leipzig metropolitan 143 area for this study. To maximize the number of dyslexic participants in the final sample, 144 individuals with a familial risk of developing dyslexia were the main target group of the 145 recruitment procedure. 37 of the 82 children had at least one first-or second degree relative with 146 DD. Status of familial risk of dyslexia was assessed as part of a questionnaire answered by the 147 parents. All parents gave written informed consent and all children gave verbal informed assent 148 to participate. The study was approved by the Ethics Committee of the University of Leipzig, 149
Germany. Initial data acquisition took place between 2012 and 2013. Follow-up sessions were 150 conducted between 2015 and 2016. 151 Initial screening ensured that participants did not have a history of neurological, psychiatric, 154 hearing or vision disorders, that they were native German monolingual speakers and that they did 155 not yet receive literacy training. In this context, it has to be noted that in many European 156 countries, including Germany, typical state kindergartens are not part of the school system and do 157 not provide formal literacy education. Accordingly, while children have access to books that are 158 read to them by kindergarten caregivers, they typically do not train letter decoding before 159 entering school. based on a parental questionnaire ruled out that children in our sample were diagnosed with 168 ADHD between kindergarten and the end of second grade in school. 169
In the remaining sample of 42 children, dyslexia was operationally defined at the end of second 170 grade based on standardised and age-normed reading and spelling tests ( Table 2) . Performance 171 below the 16 th percentile rank (equivalent to 1 standard deviation below the mean of the normal 172 distribution or a t-score of 40) of the test's reference population performance in either one or both 173 spelling accuracy and real-word reading fluency led to assignment to the dyslexic group. Our 174 final sample included 3 children with isolated spelling deficits, 3 children with isolated reading 175 deficits, and 10 children with combined deficits. For our control group, we only considered 176 children that had neither first-nor second-degree relatives with DD (n = 21; assessed by parental 177 questionnaire). Further, to exclude poor readers and spellers that did not meet the criterion for 178 being considered dyslexic, only individuals performing above the 25 th percentile rank were 179 assigned to the control group. Consequently, n = 5 poor readers or spellers scoring between the 180 16 th and the 25 th percentile rank were excluded to form distinct groups and to avoid performance 181 overlap (Shaywitz et al., 2002) . Applying these criteria, 16 children were classified as dyslexic 182
and 16 children were classified as typically developing controls following our operational 183 definition ( Table 3) . None of the participants in the final sample scored below 85 (equivalent to 184 the 16 th percentile rank, 1 standard deviation below the mean of the normal distribution and a t-185 score of 40) on average in the two non-verbal IQ tests. 186
Additionally, two controls had to be excluded from the resting-state fMRI analysis of 187 kindergarten data, and two dyslexic participants were excluded from the functional data analysis 188 of school-age data due to excessive head motion during the respective scans. 189 190 MRI data acquisition. MRI data were acquired on a 3T Trio scanner (Siemens, Erlangen, 191 Germany) at a preliterate age (kindergarten) and on the same scanner upgraded to a 3T Prisma 192 (Siemens, Erlangen, Germany) at the end of second grade (Table 4) . 193 ; mean ± std h laterality quotient; scores range from -100 (left handed) to 100 (right handed), left-handedness is defined as an LQ < -28, i.e. the first decile value; right-handedness defined as LQ > 48, i.e. the first decile value; ambidexterity: -28 < laterality quotient < 48); mean ± std i familial risk of DD / no familial risk of DD j average normed IQ score is 100 with a standard deviation of ± 15, i.e.; mean ± std k raw scores of number sequence recall task; sequence length increases every 3 items from 2 to maximally 9 until all three items of a length are recalled incorrectly; children receive a point for each correctly recalled number sequence; mean ± std l before literacy instruction: combined number of correct responses (max. 40, 10 per task) from rhyming, sound association, syllable segmentation, and sound-to-word matching tasks; after literacy instruction: average standardised scores (percentile ranks) from pseudoword segmentation, vowel-replacement, word completion, phoneme exchange, sound categorization, vowel length judgment, and word reversal tasks; mean ± std m time needed to rapidly name colours of 24 visually presented black and white objects, converted to scores ranging from 0 to 8; mean ± std n writing after dictation, standardized scores (percentile ranks) based on spelling accuracy (DERET1-2); mean ± std o reading speed, standardised scores (percentile ranks) based on number of real words correctly read within 1 minute (SLRT-II); mean ± std 195 The Mathworks, Inc., Natick, MA, USA). Finally, maps of cortical thickness (CT), gyrification 206 index (GI), cortical folding complexity (CF), and sulcus depth (SD) were extracted for each 207 participant and smoothed with a 15mm full width at half maximum (FWHM) kernel, in 208 accordance with the matched-filter theorem. T1 images were also extracted, but not smoothed. 209 ROI selection. Cortical, participant-specific region of interest masks (ROIs, Susceptibility artefacts were corrected based on two diffusion volumes with reverse phase 235 encoding (FSL TOPUP) additionally acquired for each participant. To preserve high data quality, 236 all transformations were combined and applied in a single step of interpolation. Finally, the 237 diffusion tensor (FSL DTIFIT) and the fibre orientation distribution for each voxel were 238 determined (FSL BEDPOSTX). Fractional anisotropy and mean diffusivity were derived from 239 the tensor fit. Tractograms were computed by applying probabilistic tractography (FSL 240 PROBTRACKX2). ROI masks of target tracts (Table 1) were generated by using each cortical 241 ROI involved, once as seed region and once as target region. We seeded 5000 streamlines 242 (curvature threshold = 0.2, step length = 0.5 mm) in each voxel within the grey matter-white 243 matter interface of the seed region at hand. While this approach produced confined tracts for most 244 of the target connections of interest (Table 1) ROIs and calculating pair-wise correlations between areas that are connected via target 284 connections (i.e., the 10 connections shown in Table 1 (Table 4 ) and psychometric assessment ( Table 2) at two time points, that is, once at age 5-6 in 288 kindergarten (before they acquired literacy skills) and again approximately 2 years and 11 months 289 later at the end of second grade (range of time between measurements: 2.2 -3.8 years; children 290
were age 8-9 at second time point). 291
In terms of psychometric testing (Table 2) , we used measures quantifying spelling accuracy and 292 real-word reading fluency at the end of second grade in school to operationally define DD. 293
Further, measures of handedness, non-verbal intelligence and mathematical ability served as 294 covariates in the statistical models assessing neural differences between dyslexic and control 295 participants at the respective time points. Additionally, we covaried out maternal education (i.e., 296 the combination of the mother's highest educational and vocational qualification) which served as a 297 proxy for home literacy environment (Rashid et al., 2005) . 298
Measures of literacy precursor abilities assessed at kindergarten age, including phonological 299 awareness, rapid naming and phonological short-term memory, were used as behavioural 300 predictors in a receiver operating characteristic curves (ROC) analysis. Lastly, re-assessment of 301 phonological awareness at school age allowed us to see whether group differences with respect to 302 this important literacy precursor ability still hold after two years of formal literacy instruction. 303
The rationale behind this approach is that phonological awareness is one of the best known 304 predictors of literacy skills but at the same time known to be modulated by reading experience 305 (Peterson and Pennington, 2015) . In line with this previous evidence, we were able to 306 demonstrate that children who develop dyslexia do not only have lower phonological awareness 307 compared to controls already before formal literacy instruction, but that their phonological 308 awareness also does not significantly improve with instruction which is a hallmark feature of 309 typical literacy learning (Table 3) . 310
Demographic and behavioural data were tested for normality of distributions using the Shapiro-311
Wilk test. To compare groups, we used the non-parametric Wilcoxon-Mann-Whitney U test in 312 case of non-normality, the Fisher's exact test for nominal data, and the Welch two-sample t-test 313 otherwise (all two-tailed). 314
For all 8 cortical ROIs (see Supplementary Table 1) , means of CT, CF, GI, SD were extracted in 315 MNI space. For all 8 cortical ROIs, and for LGN, MGB and the cerebellar ROI, we additionally 316 extracted mean values of regional homogeneity (ReHo), fractional amplitude of low frequency 317 fluctuations (fALFF), and structural T1-signal. Additionally, we quantified volumes of LGN and 318 MGB masks for subsequent group analyses. Mean functional connectivity was computed by 319 extracting mean haemodynamic time-series for each ROI and calculating pair-wise correlations 320 between areas that are connected via target tracts (i.e., the 10 connections shown in Table 1 and 321 Supplementary Table 1 ; AFNI 3dfim+). Fractional anisotropy (FA), mean diffusivity (MD), and 322 streamline density (SLD) were computed voxel-wise along the 10 tracts identified by 323 probabilistic tractography in SPM. ROI-wise or ROI-pair-wise comparisons of the different mean 324 brain measures were performed using R-3.3.3 (https://www.r-project.org/) by running multiple 325 one-way analyses of covariance conducted at each time point (i.e., kindergarten and primary 326 school age) separately. Analyses included the covariates age, sex, handedness, and maternal 327 education. Further, information about familial risk status was included in all statistical models to 328 ensure that identified effects are related to literacy outcome rather than familial risk. 329
Additionally, we included arithmetic ability as a covariate for all analyses in order to single out 330 differences specific to literacy deficits, independent of individual mathematical ability. Finally, 331 IQ was also included as a covariate for all analysis to remove the effect of general cognitive 332 skills. We used IQ scores at time point 2 because IQ measures were shown to be more reliable in 333 school-age than in preschool children (Bishop et al., 2003) . To minimise the variance induced by 334 these covariates we adjusted the analyses not only for covariates revealing significant group 335 differences, but also for covariates revealing marginally significant and non-significant group 336 differences (Table 3) . 337
To ensure homogeneity of regression slopes, possible interactions between individual covariates 338 and the categorical predictor variable were assessed beforehand. Homogeneity of regression 339 curves is given for all comparisons despite a significant interaction between group and sex for 340 functional connectivity between left primary auditory cortex and left planum temporale at time 1. 341 Hence, separate analyses were run for male and female participants. Within each comparison, 342 results were family-wise-error-corrected for the respective number of ROIs (see Supplementary  343   Table 1 ). For comparison of surface-based measures (CT, GI, SD, CF), the critical α level was set 344 to 0.0063 (corrected for all 8 cortical ROIs). For resting-state measures fALFF and ReHo and the 345 structural T1-signal, the critical α level was set to 0.0046 (corrected for 8 cortical, 2 subcortical 346 and 1 cerebellar ROI). For the functional and structural connectivity analyses, the critical α value 347 was set to 0.005 (i.e., accounting for 10 connections/tracts). To additionally test for potential 348 effects not covered by our ROIs, we performed whole-brain analyses of each brain measure. 349
To investigate whether the brain data can significantly improve the prediction of DD compared to 350 behavioural data alone, we calculated receiver operating characteristic curves (ROC). 351
Specifically, we computed binary logistic regression models to predict the relationship between 352 our independent variables and dyslexia status. computed on all models indicated only weak multicollinearity between predictors (range 1.00-361 3.41). Areas under the receiver operating characteristic curve (AUC) of all models were 362 compared using a two-tailed bootstrapping approach. 363
Results 364
Individuals with DD had significantly lower phonological processing skills compared to controls, 365 both before literacy instruction at mean age 5y±7m (phonological short-term memory: N = 32, U 366 = 179.5, p = 0.0473, d = 0.75, two-tailed; phonological awareness: N = 32, t(28) = 2.19, p = 367 0.0368, d = 0.78, two-tailed) and after literacy instruction at mean age 8y±6m (phonological 368 awareness: N = 32, U = 236, p < 0.0001, d = 2.06, two-tailed) ( Table 3) Group comparisons of the various cortical and subcortical measures (Fig. 1) revealed 373 significantly higher gyrification of the left primary auditory cortex in dyslexic children compared 374 to controls, persistent across time points (before literacy: N = 32, F(1,24) = 9.64, p = 0.0048, η 2 375 = 0.19; after literacy: N = 32, F(1,24) = 9.21, p = 0.0057, η 2 = 0.22). 376
Additionally, functional connectivity between left primary auditory cortex and left planum 377 temporale was significantly lower in dyslexic children before literacy acquisition (N = 30, 378 F(1,24) = 14.73, p = 0.0009, η 2 = 0.32). This effect was driven by a significant difference in boys 379 (N = 20, F(1,13) = 34.58, p = 0.0001, η 2 = 0.45), but not girls (N = 10, F(1,3) = 0.05, p = 380 0.8388, η 2 = 0.01). 381
In terms of structural connectivity, we found significantly higher streamline density at a 382 preliterate age for dyslexic children compared to controls in the white matter fibre tract 383 connecting the left planum temporale with the left ventral premotor area (BA 6), i.e. the arcuate 384 fasciculus (N = 32, 70 voxels, F(1,24) = 19.80, p = 0.0040, η 2 = 0.45). 385
No other region-of-interest and whole-brain control analysis revealed any additional statistically 386 significant effects for any neural indices. 387 
395
In terms of structural connectivity, we found significantly higher streamline density at a preliterate age for 396 dyslexic children compared to controls in the white matter fibre tract connecting the left planum temporale 397 with the left ventral premotor area (BA 6), i.e. the arcuate fasciculus (N = 32, 70 voxels, F(1,24) = 19.80, 398 p = 0.0040, η 2 = 0.45). All significant statistics survived family-wise-error-correction for multiple AUC of a combined model was 0.91 (SE = 0.05, 95% CI = 0.81-1.00, d = 1.90). Statistical 414 comparison of AUCs showed that the combined model has significantly higher discrimination 415 power than the behavioural model (D = -2.00, p = 0.0464, two-tailed), while there were no 416 significant differences between AUCs of the neural model and the behavioural model (D = -0.95, 417 p = 0.3429, two-tailed) and the combined model and the neural model (D = -0.91, p = 0.3644, 418 two-tailed) (Fig. 2) . 419 Here, we combined psychometric testing with functional and structural MRI to longitudinally 432 assess children before they underwent literacy instruction and again at the end of second grade 433 when we determined their literacy outcome. Our results provide converging evidence that 434 participants with DD differ from typically developing individuals in terms of reduced 435 phonological processing skills and increased gyrification of the left auditory cortex. Additionally, 436
we found altered functional and structural connectivity within a left-hemispheric network 437
including the auditory cortex, planum temporale, premotor cortex, and arcuate fasciculus. 438
We were able to replicate the consistently reported finding that phonological awareness most 439 reliably distinguishes future dyslexic participants from controls before literacy instruction, 440 followed by phonological short-term memory and rapid naming ( Somewhat unexpected, our behavioural assessment revealed that the groups did not significantly 449 differ in terms of rapid naming, a measure prominently associated with reading outcome, 450 especially for transparent orthographies (de Jong and van der Leij, 2003). A possible reason for 451 this discrepancy may be that a more comprehensive analysis of this ability includes rapid naming 452 of letters in addition to colours of objects. However, it was not possible to perform a letter-based 453 subtest in the current study since children were not able to read yet. 454
On the behavioural basis of phonological processing difficulties, we found neural signatures of 455 dyslexia within a network of cortical areas that are known to support speech processing and are 456 crucial for literacy learning. In particular, reduced functional connectivity between the primary 457 auditory cortex and left planum temporale relates to a large body of literature highlighting the 458 importance of these systems for spectro-temporal segmentation of the continuous speech stream 459 into discrete sounds (Giraud and Poeppel, 2012; Lehongre et al., 2011) . Thus, this difference in 460 functional coherence might reflect a local core deficit of disrupted phonological processing. 461
According to the rapid auditory processing deficit hypothesis of dyslexia, it can be expected that 462 this deficit is most pronounced when processing speech sounds that are characterized by rapidly 463 successive acoustic changes, such as the brief formant transitions (40 msec) that are the sole 464 differentiating feature between syllables such as /ba/ and /da/ (Tallal, 2004) . This hypothesis 465 needs to be tested in the future by making use of the high spatial and temporal resolution of 466 magnetoencephalography. 467 Interestingly, the difference in functional connectivity between the auditory cortex and the 468 planum temporale was only significant for male, but not female participants. A putative 469 explanation for this observation based on rodent work might be that higher testosterone levels 470 potentially lead to more pronounced differences in cortical development (Rosen et al., 1999) , thus 471 possibly impacting boys more severely than their female counterparts. Nevertheless, considering 472 the substantially lower number of dyslexic girls compared to boys (n = 5 vs. n = 11) in this study, 473 the result of this sex comparison needs to be interpreted with caution. Yet, a greater susceptibility 474 to brain developmental disruptions for males might offer a first preliminary neural explanation 475 for sex differences in reading skills reported across languages and educational practices (Stoet 476 and Geary, 2013). 477
Further downstream, in a branch of the left arcuate fasciculus that connects the planum temporale 478 with the ventral premotor cortex, we found significantly increased streamline density in DD 479 versus controls. This measure was derived via tractography, modelling prominent fibre pathways 480 via the number of streamlines passing a given voxel (Behrens et al., 2003) . Thus, streamline 481 density may be interpreted as an index of connectivity strength (Müller-Axt et al., 2017). In 482 contrast, previous diffusion-weighted studies predominantly report reading-related differences 483 within this tract in terms of fractional anisotropy. As fractional anisotropy is a rather unspecific 484 measure that may be sensitive to a range of microstructural properties such as variance in fibre 485 orientation or axonal diameter , it is difficult to reconcile the current finding 486 with reports of reduced fractional anisotropy in children at familial risk of developing dyslexia 487 (Kraft et al., 2016; Langer et al., 2017; Wang et al., 2017) and poor readers (Wang et al., 2017) . 488
Still, our finding of increased connectivity strength of the left arcuate fasciculus as assessed via 489 streamline density is in line with a longstanding view that has been recently corroborated by 490 meta-analyses of fMRI studies in dyslexic children. Namely, individuals with dyslexia 491 hyperactivate the ventral premotor cortex during speech processing, presumably because they 492 have to rely more strongly on articulation strategies to compensate for faulty encoding of 493 phonemes in the planum temporale (Richlan et al., 2011; Shaywitz, 1998) . 494
In the current study, we investigated the structure of white matter tracts in terms of FA, MD, and 495 SLD. Methodological advantages and limitations inherent to the use of these measures for 496 assessing white matter structure are worth noting here. FA and MD are both based on the 497 diffusion tensor, representing the major diffusion direction in a voxel. However, this model 498 becomes unreliable for voxels containing multiple fiber bundles oriented in different directions or 499 complex configurations (Behrens et al., 2007) . Moreover, tensor-derived measures such as FA 500 and MD may be further influenced by partial volume effects, as well as the degree of 501 myelination, number and density of axonal projections crossing through the voxel under 502 consideration (Alexander et al., 2001) . Differences in terms of FA or MD might be driven by a 503 combination of these aspects, impeding a precise interpretation of observed effects. SLD as 504 analyzed here was derived from probabilistic tractography based on a multi-fiber model. While 505 potentially producing some false positive connections (Knösche et al., 2015) , probabilistic multi-506 fiber tracking is more sensitive to the distribution of connectivity included secondary and non-507 dominant fiber directions than deterministic approaches (Behrens et al., 2007) . During each step 508 of the tracking process itself, the respective next propagation direction is drawn from the 509 probabilistic fiber orientation density function. Consequently, the likelihood of a streamline 510 running through a specified voxel decreases with the distance of that voxel from the respective 511 seed point, resulting in sparse and less reliable values at the tractogram's edges. Finally, while 512 streamline density measures show better test-retest performance compared to tensor-derived 513 measures like FA (Buchanan et al., 2014) , they are also modulated by sources of noise affecting 514 the quality diffusion-weighted imaging more generally, such as the signal to noise ratio (Huang et 515 al., 2004) , subject motion or physiological noise (Bihan et al., 2006) . 516
With MRI it is difficult to identify neurobiological sources of the structural auditory cortex 517 alterations identified in our analysis. One possible explanation may be that the observed 518 differences in gyrification capture faulty neural migration in the human temporal lobe (Giraud 519 and Ramus, 2013) . Typically, neural migration is a process that is completed before birth 520 (Bystron et al., 2008) , following a well-orchestrated cascade of cellular regulatory processes 521 giving rise to the highly regular six-layered cortical architecture (Geschwind and Rakic, 2013) . 522 Importantly, ex vivo staining studies report neural migration anomalies such as mislocated 523 neurons and exuberant numbers of small folds (i.e., heterotopias and polymicrogyria, 524 respectively) located mainly in left perisylvian regions of dyslexic adults (Galaburda et al., 1985 ; 525 Galaburda and Kemper, 1979) . Such anomalies could lead to disruptions of the laminar cortical 526 structure (Skeide et al., 2018a), potentially affecting further developmental trajectories of cortical 527 thickness and gyrification, in addition to probable changes of local functional interactions in 528 affected regions as described above. It should be noted, however, that the neuronal migration 529 hypothesis of dyslexia needs additional experimental support beyond small-scale candidate gene 530 work in rodents and case and pilot studies in humans (Guidi et al., 2018) 531 In line with a previous study that focused on cortical thickness (Clark et al., 2014) , we identified 532 structural alterations of the left primary auditory cortex as the only neural feature that persistently 533 distinguished dyslexic participants from controls, not only before, but also two years after 534 literacy instruction has begun. There can be many reasons for the discontinuity of the functional 535 and structural connectivity effects from time point 1 to time point 2. For example, distinct 536 maturational trajectories might lead to early differences that no longer reach significance in the 537 first school years (Yeatman et al., 2012) . 538
Increased gyrification stood out as the only significantly different surface-based measure, while 539 cortical thickness, cortical folding, and sulcus depth were similar between groups. The 540 gyrification index employed in this study is influenced by changes in terms of magnitude and 541 frequency of cortical folding (Lüders et al., 2006) . Interestingly, increased gyral frequency within 542 the left Heschl's gyrus has been previously described as an anatomical risk factor for 543 phonological deficits related to reading difficulty (Leonard et al., 2001; Leonard, Eckert, Given, 544 Virginia, & Eden, 2006) . While gyrification is associated with reduced short-range axonal 545 distance, typically assumed to increase local neural efficiency (White et al., 2010) , excessive 546 gyrification may as well reflect anomalous neural organization. Specifically, the gyrification 547 index might capture the above-mentioned polymicrogyria that extend well beyond the millimetre 548 scale and are thus large enough to be detected with common in vivo MRI resolution at 3 Tesla 549 (Galaburda et al., 2006) . 550 DD is a deficit that can affect several sensory and cognitive domains (Heim et al., 2008) , which 551 has led to an abundance of neural accounts of its developmental origins (Table 1) . Nevertheless, 552 the current study revealed differences between future dyslexic children and controls within a 553 confined network associated with speech sound processing. We were unable to replicate 554 previously reported effects beyond phonological processing regions in the present sample (Table  555 1). It is clear that this insight has to be taken with the care generally devoted to null effects and 556 calls for cautious interpretation. However, methodological discrepancies do not account for these 557 negative results. Most importantly, given that the size of our sample was comparable or even 558 superior to previous work (i.e., N equal or larger), it is unlikely that lack of replication simply 559 reflects lack of statistical power in our study -although the sample size is still small. 560
Following accounts of auditory or visual sensory deficits in dyslexia (Table 1) , it is important to 561 note that the current analysis did not reveal differences between dyslexic participants and controls 562 in subcortical regions. It has to be acknowledged that functional analyses of subcortical regions 563 prove particularly challenging due to increased levels of physiological noise originating from 564 brainstem pulsation (Guimaraes et al., 1998) . However, the nuisance regression algorithm applied 565 to our data has been repeatedly shown to effectively remove false-negative activation across the 566 whole brain including the thalamus and the brainstem, thus maximising the sensitivity of cortico-567 subcortical functional connectivity analyses (Behzadi et al., 2007; Ghisleni et al., 2015) . 568
Consequently, given our employed methodology, the observed null results in subcortical regions 569 seem unlikely to be due to disruptions induced by physiological noise. 570 A prospective classification model based on the three neural indices identified in our experiments 571 significantly predicted from the MRI data whether preliterate kindergarten children would 572 develop dyslexia later in school. A similar behavioural model based on psychometric predictors 573 did not reach significance, but also did not perform significantly worse than the neural model. 574
Still, preliterate prediction of DD was significantly improved when adding the brain measures to 575 the behavioural model. The top performing combined model capturing phonological deficits not 576 only at the behavioural, but also at the neural level, showed excellent discriminatory power with 577 an AUC of 0.91. 578
Previous longitudinal work on pre-literate children with familial risk of DD suggests a 579 differentiation between structural and functional brain measures related to family risk versus 580 actual reading outcomes. Specifically, basic auditory processing as assessed with ERPs 581 (Hakvoort et al., 2015) and phoneme representations as assessed with multivariate fMRI 582 responses were found to relate to family risk rather than later literacy 583 performance. In contrast, the structure of the arcuate fasciculus was found to be related to reading 584 outcomes but not to family risk (Vanderauwera et al., 2017) . Disentangling the effects related to 585 family risk versus reading outcome, however, was not the focus of the current study. Instead, the 586 children in the dyslexic group were selected purely based on reading outcome, and compared to 587 control children that neither showed literacy deficits, nor exhibited a corresponding family 588 history. Therefore, familial risk status was used as a covariate in all statistical models to minimise 589 the variance induced by this factor. 590
The sample size of the current study is limited due to the effortful recruitment and time-591 consuming examination of a highly specific population of children. Hence, the results from this 592 exploratory study await confirmation in larger follow-up studies guided by a priori analysis, as is 593 the case for all other findings discussed here (Table 1 ). In addition, it remains to be shown in 594 future work which functional and structural changes might occur later during development as a 595 result of persistent deficits and reduced reading experience. Another limitation is that, despite the 596 universal relevance of intact phonological processing for literacy learning, the present findings 597 derived from a German sample might be to some degree specific to orthographies with relatively 598 regular symbol-to-sound correspondences or alphabetic writing systems. Therefore, the current 599 results must await generalization to less transparent and non-alphabetic writing systems in 600 follow-up studies. Finally, for transparent orthographies like German, it has been shown that 601 isolated reading and spelling disorders occur frequently (Fischbach et al., 2013; Landerl and 602 Moll, 2010) . This phenomenon can be explained by the fact that the German orthography is 603 relatively transparent with respect to reading (grapheme-to-phoneme mapping), but less 604 transparent with respect to spelling (phoneme-to-grapheme mapping). Accordingly, a substantial 605 proportion of German children with dyslexia reveal pronounced spelling difficulties while their 606 reading skills still fall within the range of average performance (Wimmer and Mayringer, 2002) . 607
The characteristics of our sample are in line with this notion. There is an ongoing debate, 608 however, on whether or not isolated disorders are based on the same or distinct deficits. While 609 our study did not permit an in-depth analysis of potentially distinct neural profiles of isolated 610 compared to combined deficits, this issue deserves more careful attention in future work. 611
In sum, our work adds to the understanding of the possible emergence of DD by unifying brain 612 functional, brain structural and behavioural dimensions of a speech processing deficit that 613 precedes literacy acquisition. 614 615 Acknowledgements: This work was supported by the Max Planck Society and the Fraunhofer 616 Society (Grant number M.FE.A.NEPF0001). We thank A. Gast-Sandmann for help on figure  617 preparation. 618
